Several studies have demonstrated the acquisition of microbial genes by different marine cyanophages, including core photosystem-I (PSI) and photosystem-II (PSII) genes, as well as many other genes of the electron transport chain (Mann et al., 2003; Lindell et al., 2004; Millard et al., 2004; Sullivan et al., 2005; Sharon et al., 2009; Alperovitch et al., 2011) .
A unique search strategy on the Global Ocean Survey (GOS) metagenomes (Rusch et al., 2007) in combination with marine virome and microbiome pyrosequencing-based data sets (Dinsdale et al., 2008a, b) , has recently revealed previously undetected microbial oxygenic photosynthesis and electron transport protein genes within genomes of uncultured marine viral communities (the VirMic project , http://www.cs.technion. ac.il/~itaish/VirMic/). Among them are new viral electron transport protein genes, ndhI and ndhD, from the cyanobacterial type I NAD(P)H dehydrogenase (NDH-1) complex (Figure 1 ). In cyanobacteria these complexes participate in different tasks such as CO 2 uptake, respiration and cyclic electron flow around PSI (for review, see ). On the basis of homology it was suggested that the viral proteins found in the VirMic project participate in cyclic electron flow and respiration during viral infection, probably enhancing the production of ATP required for protein synthesis . Thus, cyanophages might additionally improve their fitness by tuning the electron transfer routes to optimise phage reproduction, especially in conditions of moderate heat and strong light stresses, which inhibit PSII activity.
Recenly, two novel small subunits of the cyanobacterial NDH-1 complex, NdhP and NdhQ, were identified via biochemical studies in Thermosynechococcus elongatus. Homology searches with the ndhP gene revealed the presence of ndhP genes in different cyanophage PSI gene cassettes (Nowaczyk et al., 2011) . These gene cassettes were already known to include another NDH-1 gene, the ndhI gene (Alperovitch et al., 2011) . Using blastX searches with the new ndhP gene on the NCBI environmental samples data set (env_nr) and also using the VirMic website, we have detected different viral scaffolds from the GOS data set that include, in addition to the ndhP gene, unique gene combinations related to the electron transport chain. Among them, are scaffolds that include genes coding for plastid terminal plastoquinone oxidase (PTOX), ndhI and different viral PSI genes (data not shown). A model of oxygenic photosynthetic electron transport chain is shown in Figure 1 , highlighting in colour those membrane proteins, the homologues of which have been found to be encoded by phage genomes. We have included different known viralencoded proteins involved in electron transfer processes, such as the cyanophage-encoded plastocyanins and ferredoxins (Lindell et al., 2004; Sullivan et al., 2005) and PTOX (Weigele et al., 2007) . Interestingly, and related to the electron transport chain issue, we have identified via the VirMic project a GOS cyanophage clone (JCVI_ SCAF_1096628171668) that includes three genes encoding for subunits a, b and c from the F o membrane part of the F o F 1 ATPase complex. It should be noted, as a word of caution that all of our predictions are based on metagenomic analyses and homology searches and are therefore prone to errors such as wrong annotations, different functions within the same cluster and so on.
Cyanophages hijack the host's translation and transcription systems (Rohwer and Thurber, 2009 ). In addition, phage-harboured microbial genes differ in sequence and can even introduce novel fusion genes such as the recently found PSI J-F subunits viral fusion gene (Sharon et al., 2009) . The phages' fast rate of evolution and their ability to carry hosts' genes enable them to constantly change, both at the sequence level and at the components level, the respiratory chain and the photosynthetic electron transfer chain. Marine cyanophages probably mix and modify the components belonging to these systems, linking complexes that otherwise tend to be separated under optimal growth of uninfected cells. As shown in Figure 1 , we hypothesise that the viral-encoded proteins modify the photosynthetic electron transfer chain such that the cyclic electron flow around PSI is favoured over the linear one. This would result in preferential production of ATP (and less NADPH), which is likely to be crucial for efficient reproduction of cyanophages. This idea needs be tested in vivo by replacing different combinations of cyanobacterial genes with the ones found in cyanophages. We would expect that future marine environmental sequencing projects would reveal that other components of the photosynthetic and respiratory chains are carried by marine cyanophages.
Marine bacteria have an important role in global biogeochemical processes (Falkowski et al., 2008) . Phages infecting these bacteria would likely have an impact on these processes as well (Danovaro et al., 2011) . However, as previously suggested by Rohwer and Thurber (2009), we would expect phages to contribute to biogeochemical processes not only indirectly by predation of bacteria and the subsequent effects on bacterial populations (such as the 'kill the winner' hypothesis and 'viral-shunt'), but also to have a direct effect on these processes by constantly changing and reshuffling genes that have a part in these processes. Although phages carry these genes and manipulate them probably for their own fitness, the resulting effect on global biogeochemical processes may be profound. This is indicated by preliminary evidence that some cellular processes (for example, photosynthesis (Lindell et al., 2005; Clokie et al., 2006) ) do not cease but in fact continue while the bacterial cells are under viral attack, with the phage-encoded genes being expressed in higher copy numbers compared with the hosts' intrinsic genes. The growing repertoire of phage-harbored bacterial metabolic genes and the variety of infected hosts suggests that marine phages are major, but still underrated, players in processes of global importance. Figure 1 Schematic draft of cyclic electron transfer around PSI and the cyanobacterial equivalent of chlororespiration pathways in phageinfected-cyanobacterial membranes. In colour are proteins predicted to be encoded by cyanophage genomes (based on the VirMic Project). It is important to note that the proteins predicted to be encoded in cyanophage genomes do not all co-occur in any single phage. Proteins predicted to be present on a single phage or scaffold are coloured with the same colour. NDH-1 stands for the cyanobacterial type I NAD(P)H dehydrogenase complex; PTOX for plastid terminal plastoquinone oxidase; PQ for plastoquinone; PC for plastocyanin; Fd for ferredoxin; FNR for ferredoxin: NADP(H) oxireductase. The ellipse labeled with a question mark on top of the NDH-1 complex indicates unknown subunits responsible for NAD(P)H oxidation. The colour reproduction of this figure is available on the html full text version of the manuscript.
